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Foreword

The U.S. Geological Survey (USGS) is committed to providing the Nation with reliable scientific information that helps to
enhance and protect the overall quality of life and that facilitates effective management of water, biological, energy, and mineral
resources (http.//www.usgs.govy). Information on the Nation's water resources is critical to ensuring long-term availability of
water that is safe for drinking and recreation and is suitable for industry, irrigation, and fish and wildlife. Population growth

and increasing demands for water make the availability of that water, measured in terms of quantity and quality, even more
essential to the long-term sustainability of our communities and ecosystems.

The USGS implemented the National Water-Quality Assessment (NAWQA) Program in 1991 to support national, regional,
State, and local information needs and decisions related to water-quality management and policy (http.//water.usgs.gov/
nawga). The NAWQA Program is designed to answer: What is the quality of our Nation's streams and groundwater? How are
conditions changing over time? How do natural features and human activities affect the quality of streams and groundwater,
and where are those effects most pronounced? By combining information on water chemistry, physical characteristics,
stream habitat, and aquatic life, the NAWQA Program aims to provide science-based insights for current and emerging water
issues and priorities. From 1991 to 2001, the NAWQA Program completed interdisciplinary assessments and established a
baseline understanding of water-quality conditions in 51 of the Nation's river basins and aquifers, referred to as Study Units
(http://water.usgs.gov/nawqa/studies/study_units.htmi).

In the second decade of the Program (2001-2012), a major focus is on regional assessments of water-quality conditions and
trends. These regional assessments are based on major river basins and principal aquifers, which encompass larger regions
of the country than the Study Units. Regional assessments extend the findings in the Study Units by filling critical gaps in
characterizing the quality of surface water and groundwater, and by determining water-quality status and trends at sites

that have been consistently monitored for more than a decade. In addition, the regional assessments continue to build an
understanding of how natural features and human activities affect water quality. Many of the regional assessments employ
modeling and other scientific tools, developed on the basis of data collected at individual sites, to help extend knowledge of
water quality to unmonitored, yet comparable areas within the regions. The models thereby enhance the value of our existing
data and our understanding of the hydrologic system. In addition, the models are useful in evaluating various resource-
management scenarios and in predicting how our actions, such as reducing or managing nonpoint and point sources of
contamination, land conversion, and altering flow and (or) pumping regimes, are likely to affect water conditions within a region.

Other activities planned during the second decade include continuing national syntheses of information on pesticides, volatile
organic compounds (VOCs), nutrients, trace elements, and aquatic ecology; and continuing national topical studies on the fate of
agricultural chemicals, effects of urbanization on stream ecosystems, bioaccumulation of mercury in stream ecosystems, effects
of nutrient enrichment on stream ecosystems, and transport of contaminants to public-supply wells.

The USGS aims to disseminate credible, timely, and relevant science information to address practical and effective water-
resource management and strategies that protect and restore water quality. We hope this NAWQA publication will provide you
with insights and information to meet your needs, and will foster increased citizen awareness and involvement in the protection
and restoration of our Nation's waters.

The USGS recognizes that a national assessment by a single program cannot address all water-resource issues of interest.
External coordination at all levels is critical for cost-effective management, regulation, and conservation of our Nation's water
resources. The NAWQA Program, therefore, depends on advice and information from other agencies—Federal, State, regional,
interstate, Tribal, and local—as well as nongovernmental organizations, industry, academia, and other stakeholder groups. Your
assistance and suggestions are greatly appreciated.

William H. Werkheiser
USGS Associate Director for Water
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Multiply By To obtain
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foot (ft) 0.3048 meter (m)
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Flow rate

million gallons per day (Mgal/d) 0.04381 cubic meter per second (m?/s)
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Factors Affecting Groundwater Quality in the
Valley and Ridge Aquifers, Eastern United States,

1993-2002

By Gregory C. Johnson, Tammy M. Zimmerman, Bruce D. Lindsey, and Eliza L. Gross

Abstract

Chemical and microbiological analyses of water from
230 wells and 35 springs in the Valley and Ridge Physio-
graphic Province, sampled between 1993 and 2002, indicated
that bedrock type (carbonate or siliciclastic rock) and land use
were dominant factors influencing groundwater quality across
a region extending from northwestern Georgia to New Jersey.
The analyses included naturally occurring compounds (major
mineral ions and radon) and anthropogenic contaminants
[pesticides and volatile organic compounds (VOCs)], and
contaminants, such as nitrate and bacteria, which commonly
increase as a result of human activities. Natural factors, such
as topographic position and the mineral composition of under-
lying geology, act to produce basic physical and geochemi-
cal conditions in groundwater that are reflected in physical
properties, such as pH, temperature, specific conductance, and
alkalinity, and in chemical concentrations of dissolved oxygen,
radon, and major mineral ions. Anthropogenic contaminants
were most commonly found in water from wells and springs
in carbonate-rock aquifers. Nitrate concentrations exceeded
U.S. Environmental Protection Agency maximum contami-
nant levels in 12 percent of samples, most of which were from
carbonate-rock aquifers. Escherichia coli (E. coli), pesticide,
and VOC detection frequencies were significantly higher
in samples from sites in carbonate-rock aquifers. Naturally
occurring elements, such as radon, iron, and manganese, were
found in higher concentrations in siliciclastic-rock aquifers.
Radon levels exceeded the proposed maximum contaminant
level of 300 picocuries per liter in 74 percent of the samples,
which were evenly distributed between carbonate- and
siliciclastic-rock aquifers. The land use in areas surrounding
wells and springs was another significant explanatory variable
for the occurrence of anthropogenic compounds. Nitrate and
pesticide concentrations were highest in samples collected
from sites in agricultural areas and lowest in samples collected
from sites in undeveloped areas. Volatile organic compounds
were detected most frequently and in highest concentrations in
samples from sites in urban areas, and least frequently in agri-
cultural and undeveloped areas. No volatile organic compound

concentrations and concentrations from only one pesticide,
dieldrin, exceeded human-health benchmarks.

Introduction

The Valley and Ridge Physiographic Province of the
eastern United States stretches from Alabama to Pennsylvania,
spans nine states, and covers approximately 46,000 square
miles (mi?) (fig. 1). Groundwater in this province (hereafter
simply termed the “Valley and Ridge”) is an important source
of water for public and domestic supply. Although most public
water supplies in the Valley and Ridge rely heavily on surface-
water sources (Hutson and others, 2004), about 4 million
people, roughly half of the region’s population, live in rural
areas (U.S. Bureau of the Census, 1999, 2001a, 2001b) where
many people rely on unregulated domestic wells for water.
Generally, data from domestic water-supply wells regarding
groundwater quality and related human-health concerns are
limited—especially for pesticides and volatile organic com-
pounds (VOCs).

Groundwater quality can be affected by a number of
physical characteristics of wells or springs and by the land
surrounding them. These characteristics may include land use
and soil conditions at the surface as well as the deeper bedrock
geology (lithology, mineralogy, chemical composition, and
structure) of the principal aquifers from which water is drawn.
About half of the Valley and Ridge is underlain by carbonate-
rock aquifers, which are particularly susceptible to contamina-
tion from the land surface through relatively rapid recharge
and groundwater flow through karst conduits (Quinlan and
others, 1991; Field, 1993; Leibundgut, 1998; Stueber and
Criss, 2005; Lindsey and others, 2009). How this contamina-
tion influences the quality of water in local wells and springs
also may be related to soil thickness and topographic position
of wells in relation to contaminant sources.

The U.S. Geological Survey (USGS) National Water-
Quality Assessment Program (NAWQA) conducted a series
of investigations from 1993 to 2002 to evaluate the qual-
ity of the groundwater in major river basins throughout the
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Figure 1.

eastern United States, including parts of aquifers in the Valley
and Ridge. Individual NAWQA groundwater investigations
included areas of four major river basins in the Valley and
Ridge (Delaware, Susquehanna, Potomac, and Tennessee
River basins) and identified several natural and man-made
contaminants in groundwater at concentrations that can affect
human health (Ator and others, 1998; Lindsey and others,
1998; Hampson and others, 2000; Fischer and others, 2004).
The compilation of results of multiple NAWQA investigations
focused on the Valley and Ridge aquifers produced a com-
prehensive and quality-assured dataset. This dataset has been
used in this study to address important questions concerning
factors that can degrade or improve groundwater quality and
concerning the possible consequences for human health for
those using groundwater as a source of domestic supply from
these aquifers.

Principal aquifers from U.S. Geological Survey, 2003
NAWAQA study units from Hitt and Nakagaki, 2006

Valley and Ridge aquifers and the major river basins from which water-quality samples were collected.

Purpose and Scope

This report is a compilation and analysis of groundwater
quality and factors affecting the occurrence and distribution
of selected constituents in aquifers of the Valley and Ridge.
The analysis will (1) provide a geographic and topographic
framework to examine groundwater quality, (2) identify con-
stituents of concern related to human health, and (3) describe
controls, such as land use and aquifer type, on groundwater
quality across the region. The data presented in this report
were collected in parts of Georgia, Tennessee, Virginia, Mary-
land, Pennsylvania, and New Jersey. Data included analyses of
samples from 230 wells and 35 springs collected from 1993 to
2002. The analyses included pH, temperature, specific conduc-
tance, alkalinity, dissolved oxygen, dissolved organic carbon
(DOC), and major ions. Analytes of potential human health



concern included nutrients, pesticides, pesticide degradation
products, VOCs, and radon. Fecal-indicator bacteria also were
enumerated for selected samples.

Previous Studies

Regional groundwater quality of the Valley and Ridge
was described by Briel (1997) as part of the USGS Regional
Aquifer-System Analysis study, which resulted in the analysis
of major ions and nutrients in 3,012 wells and 428 springs.
Water quality also was evaluated in regional studies presented
in a series of hydrologic atlases of the United States (Miller,
1990; Lloyd and Lyke, 1995; Trapp and Horn, 1997) and was
summarized by state in the USGS National Water Summa-
ries (U.S. Geological Survey, 1985, 1988). Numerous other
watershed, statewide, and small-scale investigations have also
been done.

A national study of water quality in carbonate-rock
aquifers indicated that water from wells in carbonate-rock
aquifers in the Valley and Ridge had some of the highest con-
centrations of nitrate and the highest frequencies of detection
for pesticides when compared to 11 other carbonate aquifers
(Lindsey and others, 2009). High concentrations of nitrate in
groundwater were attributed to the intensity of agricultural
activity in the Valley and Ridge, the lack of confining layers,
and the presence of organic carbon. Open karst conduits at
the land surface, abundant contamination sources, and short
residence times make carbonate aquifers of the Valley and
Ridge highly vulnerable to contaminant migration (Lindsey
and others, 2009).

Studies of groundwater in the major river basins in the
Valley and Ridge have been described in a series of reports.
Lindsey and others (1997) reported that nitrate levels in
groundwater for agricultural areas in the Susquehanna River
basin were significantly higher where underlain by carbonate
rock as compared to sandstone and shale for similar nitrogen
inputs. Nitrate concentrations in water from siliciclastic-rock
aquifers in the Susquehanna River basin appear to reflect a
two-layer system described by Schnabel and others (1993),
Gburek and Folmar (1999), and Lindsey and others (2003).
In such a system, nitrate concentrations tend to be high in an
upper shallow layer of highly fractured bedrock where trans-
missivities are high and water is relatively young, and tend to
be lower in deeper, less fractured rock where transmissivities
are lower, water is older, and conditions favor denitrification
(Lindsey and others, 1997).

Ator and Denis (1997) reported that in the Potomac River
basin, concentrations of nitrate in groundwater were higher in
agricultural and urban areas than in forested areas and were
highest overall where agriculture was underlain by carbonate
rock. The authors observed that elevated nitrate concentra-
tions in water from the carbonate-rock aquifers may indicate
enhanced transport through karst but also may reflect a higher
density of agricultural land use in areas underlain by carbon-
ate rocks in the Potomac River basin and associated higher
rates of fertilizer use in such areas. Further, Ferrari and Ator
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(1995) found that nitrate concentrations in groundwater in the
Potomac River basin were higher in areas dominated by crop
production as compared to livestock grazing, and Donnelly
and Ferrari (1997) reported that pesticide detections also were
more frequent in water samples from sites in agricultural areas
over carbonate-rock aquifers.

Johnson (2002) examined water quality in 35 springs
flowing from carbonate-rock aquifers in the Valley and Ridge
area of the Tennessee River basin. Fecal-indicator bacteria
were in water samples from all 35 springs, VOCs were pres-
ent in samples from 30 springs, and pesticides were detected
in samples from 24 springs. In subsequent sampling of eight
community water-supply sources in the area (four wells and
four springs), culturable viruses were present in three of the
six samples from “low-risk™ sites (three wells and one spring)
identified by prior analysis of fecal indicators and susceptibil-
ity factors such as the thickness of overburden, and in six of
the eight samples from “high-risk” sites (Johnson and others,
2010). In Pennsylvania, Lindsey and others (2002) reported
culturable viruses in water from 2 of the 25 wells in carbonate-
rock aquifers, in 1 of 25 wells in crystalline-rock aquifers,
and in 1 of the 5 wells completed in siliciclastic-rock aquifers
in the Valley and Ridge, Piedmont, and Blue Ridge Physio-
graphic Provinces.

Bickford and others (1996) reported that fecal-indicator
bacteria were more prevalent in water from household supply
wells completed in carbonate-rock aquifers in the Great Valley
and Appalachian Mountain regions of the Susquehanna River
basin than in water from wells completed in either silici-
clastic-rock or crystalline-rock aquifers in those regions or
from carbonate-rock aquifers in the Piedmont Physiographic
Province. Total coliform, fecal coliform, and fecal streptococ-
cus bacteria concentrations were higher in groundwater from
agricultural areas as compared to non-agricultural areas and
were most strongly related to land use and physiographic
province. Escherichia coli (E. coli) concentrations also were
significantly higher in water from wells in areas underlain by
carbonate bedrock. A subsequent study reported detections
of E. coli bacteria only in water from wells in carbonate-
rock aquifers, with highest detection frequency in wells that
were not grouted along the entire casing (Zimmerman and
others, 2001).

A recent study of the effect of sinkholes on water quality
(Lindsey and others, 2010) reported that groundwater in areas
with a high density of sinkholes was more likely to contain
detectable concentrations of some contaminants. Detection
frequencies of the pesticides prometon and metolachlor in
groundwater were highest in areas with the highest sinkhole
density, although detection frequency of other pesticides and
concentrations of nitrate in groundwater were not signifi-
cantly different among areas of differing sinkhole density in
the Valley and Ridge carbonate-rock aquifers (Lindsey and
others, 2010). As an indication of overall karst development,
high sinkhole density was related to greater spring discharge,
a higher density of caves, and more developed conduit
flow systems.
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Study Area

The Valley and Ridge Physiographic Province
(Fenneman, 1938) extends about 1,200 miles (mi) from
near Scranton, Pennsylvania, to Birmingham, Alabama, and
encompasses approximately 46,000 mi? of the eastern United
States (figs. 1 and 2; Swain and others, 1991). The width of
this mountainous region averages about 50 mi but varies from
80 mi in central Pennsylvania to 65 mi in Maryland, to 40 mi
in Tennessee (Davies, 1968). The province takes its name
from the characteristic topographic sequence of alternating
ridges and stream valleys, which are roughly oriented paral-
lel to the long northeast-to-southwest axis of the province
(Fenneman, 1938).

Physiography

The Valley and Ridge is part of the mountainous area of
the eastern United States called the Appalachian Highlands
Physiographic Division (Fenneman and Johnson, 1946). The
province is bordered on the east by the Blue Ridge Phys-
iographic Province and on the northeast by the Piedmont
Physiographic Provinces. It is bounded to the west by the
Appalachian Plateaus Physiographic Province and directly
north by the St. Lawrence Valley Physiographic Province
(Fenneman and Johnson, 1946). The western boundary of the
Valley and Ridge is easily distinguished topographically and is
known as the Allegheny Front in Pennsylvania, Maryland, and
West Virginia and as the Cumberland Escarpment in Virginia
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and Tennessee (U.S. Army Corps of Engineers, 2001). The
boundary is not visually distinct everywhere the Valley and
Ridge meets the Blue Ridge Physiographic Province in the
east. The mountains of the Blue Ridge Physiographic Province
are underlain mainly by complex metamorphic and igneous
rocks, which produce a thick apron of colluvium and alluvium
at the boundary. This layer of colluvium and alluvium, which
overlies and is unevenly eroded into the fine-grained residuum
and dolomite of the Valley and Ridge, forms the Elkton aqui-
fer (Hollyday and Hileman, 1996).

The Valley and Ridge is underlain mainly by deformed
sedimentary rocks of Cambrian to Pennsylvanian age that
intersect the surface to form long, narrow northeast-trending
ridges and valleys overlying metamorphic and igneous rock
of Precambrian age (Meyer, 1965). These sedimentary rocks
were originally deposited as horizontal layers, but over time
were folded, faulted, fractured, and weathered into a highly
deformed bedrock foundation overlain by unconsolidated
regolith ranging in texture from clay to gravel and varying
in thickness from 0 to 450 feet (ft) (Hollyday and Hileman,
1996). Sedimentary formations in this area are composed
predominantly of two rock types: carbonate rock including
limestone and dolomite in places variously interbedded with
each other or with shale, and siliciclastic rock, which is mostly
sandstone and shale but also includes siltstone, conglomer-
ate, and mixed sandstone and shale (Hollyday and Hileman,
1996; Harlow and others, 2004). The order of abundance of
these rocks is shale (37.4 percent), dolomite (21.0 percent),
sandstone (16.3 percent), limestone (13.8 percent), siltstone
(4.6 percent), mudstone (1.0 percent), and graywacke (1.0 per-
cent). Other non-carbonate rocks can be found in lesser
abundance, including quartzite, granitic gneiss, chert, basalt,
granulite, slate, and minor occurrences of metamorphic and
crystalline rock. These others, however, represent only about
4.9 percent of bedrock geology in the province (Dicken and
others, 2005a, 2005b; Nicholson and others, 2005, 2007) and
are not discussed in this report.

Table 1.

[mi?, square miles]

Study Area 5

Climate

Reflecting the region’s geographic extent, average annual
temperatures in the Valley and Ridge vary widely from north
to south. From 1971 to 2000, the lowest average annual
temperature in northeastern extreme (Pennsylvania) was about
5.7 degrees Celsius (°C); the highest average annual tem-
perature at the southern extreme (northeastern Alabama and
northwestern Georgia) was about 17.3 °C (PRISM Group at
Oregon State University, 2006a). The average minimum tem-
perature in January was -7.6 °C in the north and 6.8 °C in the
south. In July average temperatures reach about 17.0 °C in the
north and 26.9 °C in the south (PRISM Group at Oregon State
University, 2006b).

Average annual precipitation also varies across the
province but not in a consistent way from north to south. Over
the 30-year period 1971-2000, precipitation varied across
the entire province from less than 40 inches per year (in/yr)
to greater than 70 in/yr. Precipitation was greatest in the
southern part of the province and lowest in the mid-latitudes.
Locally, precipitation is influenced by orographic effects and
prevailing weather patterns. Annual precipitation was great-
est in the western part of the Valley and Ridge in Tennessee,
averaging about 70 in/yr and least in eastern West Virginia,
averaging only about 32 in/yr (PRISM Group at Oregon State
University, 2006c¢).

Land Use and Population

The predominant land use in 1992 in the Valley and
Ridge was forest, which covered about 65 percent of the area
(fig. 2, table 1). Agriculture covered about 26 percent of the
area, and urban development covered about 6 percent of the
area (Vogelmann and others, 2001; Nakagaki and Wolock,
2005; Price and others, 2007). The relative proportion of land
uses in the province varied somewhat from north to south,

Land use categories for major geologic subdivisions of the Valley and Ridge aquifers, 1992.

Land-cover classifications'

Geology Area

Bare rock/ Row crop/

Water Developed quarries Forest hay pasture Wetlands
Carbonate Area (mi?) 258 1,520 115 7,950 5910 96
Percent 1.6 9.6 0.7 50.1 374 0.6
Siliciclastic ~ Area (mi?) 368 1,140 253 21,300 5,750 139
Percent 1.3 4.0 09 73.6 19.9 0.5
Total Area (mi?) 626 2,660 368 29,200 11,700 235
Percent 14 59 0.8 65.3 26 0.5

! Land-cover classification from Nakagaki and others (2007).
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tending toward greater agricultural use in the north. Twenty-
nine percent of land north of the Tennessee-Virginia line, for
example, was agricultural compared to 20 percent south of
that line. Areas overlying carbonate-rock aquifers tended to
have less forested land use and somewhat higher agricultural
and urban land use (50 percent forest, 37 percent agriculture,
and 10 percent urban) than areas overlying siliciclastic-rock
aquifers (74 percent forest, 20 percent agriculture, and 4 per-
cent urban).

In 2000, the population of the Valley and Ridge was
approximately 8 million people, and about half of this popula-
tion lived in rural areas (U.S. Bureau of the Census, 2001a,
2001b). The remainder were concentrated in several metropol-
itan statistical areas (MSAs), including Birmingham, Alabama
(777,640 people); Chattanooga, Tennessee (445,205); Knox-
ville, Tennessee (687,531); Johnson City—Kingsport—Bristol,
Tennessee—Virginia (479,398); Roanoke, Virginia (177,425);
Harrisburg—Lebanon—Carlisle, Pennsylvania (588,984); and
Allentown—Bethlehem—Easton, Pennsylvania (513,120) (U.S.
Bureau of the Census, 1999, 2001a, 2001b). MSA popula-
tions were calculated by multiplying the census block group

Table 2.

population densities by the fraction of area within the Valley
and Ridge. Of these, Allentown—Bethlehem—Easton, Pennsyl-
vania, was reported as having the densest population (586 per-
sons per square mile). Overall, the population of the Valley
and Ridge is about evenly split between those living in areas
of predominately carbonate rock (50.2 percent) and areas of
predominately siliciclastic rock (49.8 percent) (U.S. Bureau of
the Census, 2001a, 2001b; Dicken and others, 2005a, 2005b;
Nicholson and others, 2005, 2007).

Hydrogeology

Hydrogeologic terranes are regionally contiguous

areas characterized by similar rock type and water-yielding
properties. Hollyday and Hileman (1996) developed a clas-
sification of hydrogeologic terranes to group aquifers of the
Valley and Ridge on the basis of these properties. Based on
12 rock types, they classified hydrologic terranes into 5 types:
alluvium, dolomite, limestone, argillaceous carbonate rock,
and siliciclastic rock (table 2). In the context of this report,
these terranes can be grouped into two major aquifer types.

Lithologic groups and hydrogeologic terranes in the Valley and Ridge aquifers.

[N/A, no data in that category; principal aquifer from U.S. Geological Survey, 2003]

Hydrogeologic terranes Lithologic descriptor group Lithologic groups Principal aquifer
(Hollyday and Hileman, 1996) (Hollyday and Hileman, 1996) (this report) palaq
Sand N/A N/A
Alluvium
Sand and gravel N/A N/A
Dolomite Dolomite
Dolomite
Limestone and dolomite Limestone and dolomite
Limestone Limestone Limestone Carbonate
Limestone and shale
Argillaceous carbonate rock N/A
Dolomite and shale
Conglomerate N/A
Sandstone and shale
Siliciclastic rock Sandstone Mixed siliciclastic Siliciclastic
Siltstone
Shale Shale




Carbonate-rock aquifers in the Valley and Ridge consist
mainly of fractured limestone and dolomite with localized
solution-enlarged conduits. Siliciclastic-rock aquifers consist
primarily of fractured sandstone but may include fractured
shale and have been described by Trapp and Horn (1997)

as “undifferentiated sedimentary rock aquifers.” The term
“siliciclastic-rock aquifers” is used in this report to emphasize
the contrast with carbonate-rock aquifers in terms of mineral-
ogy, hydraulic characteristics, and structural properties.

Carbonate-rock aquifers in the Valley and Ridge are
characterized by karst features such as sinkholes and solution
openings. The term “karst” describes a landscape underlain by
rocks in which chemical dissolution has enlarged joints, frac-
tures, bedding planes, or other openings through which water
flows (Quinlan and others, 1991). Groundwater levels in karst
conduit systems can fluctuate up to tens of feet during periods
as short as a few hours or days (Milanovic, 1981; Quinlan
and Ewers, 1985; Wolfe, 1996), and groundwater velocities
in such systems can be relatively high even in areas with low
hydraulic gradients (Nelms and others, 2003). These systems
may have several layers of networked conduits and discharge
points whose relative importance varies with groundwater
level (White, 1988).

In the Valley and Ridge, solution openings in carbon-
ate-rock aquifers may extend to a depth of up to 500 ft in
places, reflecting the steep vertical dip of interbedded rock
strata (Wolfe and others, 1997). Most solution openings,
however, are confined to a depth of 300 ft or less (Brahana
and others, 1986). Groundwater storage also can be substan-
tial in the regolith and along bedrock fractures, joints, and
bedding planes.

Springs in karst settings are generally of three types: (1)
depression springs, where the water table intersects a low spot
in the land surface; (2) contact springs, where an impervi-
ous layer directs water to an outcrop; and (3) tubular springs,
where solution openings are under positive hydrostatic pres-
sure at the surface (Sun and others, 1963). Tubular springs
tend to be more common in the southern three-fourths of the
Valley and Ridge where groundwater may discharge from
single large openings at rates as high as 67.3 million gallons
per day (Mgal/d) (Hollyday and Smith, 1990). Spring flow
tends to concentrate into a few large openings, rather than
many small openings. The geologic transition at the eastern
boundary with the Blue Ridge also creates a unique hydrologic
setting, which results in highly productive wells and springs
in solution openings in the dolomite bedrock overlain by thick
mantles of coarse alluvium and colluvium and fine-grained
residuum (Hollyday and Hileman, 1996).

The movement of water in siliciclastic-rock aquifers
in the Valley and Ridge is fundamentally different from that
in carbonate-rock aquifers. In the absence of large solution
openings, water in siliciclastic-rock aquifers moves primarily
through permeable regolith and along fractures, joints, and
bedding planes. Groundwater storage is concentrated in the
same features (Nelms and others, 2003).

Study Area 1

Water Availability and Use

The geologic complexity of the Valley and Ridge results
in a large variation of water-yielding properties among and
between the carbonate-rock and siliciclastic-rock aquifers, and
the yield of a single aquifer unit may vary by four orders of
magnitude over its geographic extent (Hollyday and Hileman,
1996). McGuinness (1963) found that yields from carbonate-
rock aquifers in the Valley and Ridge are highly variable.
Clastic shale and siltstone formations generally have the lowest
yields, sandstone formations have intermediate yields, and car-
bonate rocks have the highest yields. Locally, however, even
shales may produce water adequate for use when sufficiently
fractured (Seaber and others, 1988).

Taken in aggregate, the repeating sequences of interbed-
ded rock types (carbonate and siliciclastic rocks) and other
lithologic variation within types, in combination with the
strike-oriented drainage networks that define the Valley and
Ridge, have the effect of isolating groundwater into many local
and relatively shallow flow systems. Hydraulic gradients natu-
rally follow topographic relief and run from ridge to valley. In
a folded terrain, this often means that flow paths along major
hydraulic gradients are directed across strike where they may
be intercepted and redirected at exposed joints. Because of this,
flow paths are commonly indirect and follow alternative direc-
tions, first along and then perpendicular to prevailing gradients.
Coarse-grained carbonate rock with well-developed secondary
porosity and fracture zones tend to be more permeable and
may act to collect or channel water (Seaber and others, 1988).

Estimated groundwater recharge to the Valley and Ridge
aquifers was calculated based on an analysis of base flow of
streams and mean annual runoff during the period 1951-1980
(Wolock, 2003). Comparisons of the rainfall and recharge illus-
trate the complex relation between the two factors. The lowest
average annual recharge rate occurred in northwestern Mary-
land in the siliciclastic-rock aquifers and was about 4 in/yr
(compared to precipitation of 37.5 in/yr). The highest average
annual recharge rate occurred in southeastern Tennessee (also
in the siliciclastic-rock aquifers) and was about 21 in/yr (rain-
fall is 55 in/yr).

Although population in the province was evenly split
between those living in areas underlain by the two rock types
(carbonate and siliciclastic), groundwater use from carbonate-
rock aquifers tends to be much greater, which perhaps reflects
greater availability. Total groundwater withdrawals from car-
bonate-rock aquifers in 2000 were about 267 million gallons
per day (Mgal/d), which was composed of irrigation, public-
supply, and self-supplied industrial water withdrawals of 5.65,
177, and 83.9 Mgal/d, respectively (Maupin and Barber, 2005).
In contrast, withdraw